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We investigated the isotopic composition of atmospheric NO3
 deposition at a moderately polluted site in
Western Europe over an annual cycle from December 2011 to November 2012. On average, we measured
load-weighted d15N values of þ0.1 and þ3.0‰ in wet and dry deposition, respectively. A comparison to
source-speciﬁc N emission trends and to isotope data from the 1980s reveals distinct changes in d15N
eNO3
 values: In contrast to the increasing relative importance of isotopically depleted natural NOx
sources, we ﬁnd an increase of isotope values in comparison to historical data. We explore the role of
land-based N sources, because backward trajectories reveal a correlation of higher d15N to air mass origin
from industrialized areas. Nowadays isotopically enriched NOx of coal-ﬁred power plants using selective
catalytic converters and land-based vehicle emissions, which use same technology, are apparently the
main driver of rising d15N values in nitrate deposition.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The increasing production of food and energy worldwide has
enhanced today's anthropogenic emissions of reactive nitrogen
(Nr) compounds to the world's ecosystems, with manifold conse-
quences such as acceleration of the natural nitrogen cycle (Erisman
et al., 2007; Galloway et al., 2004), eutrophication of both terrestrial
andmarine ecosystems (Bouwman et al., 2002; Kendall et al., 2008;
Smith et al., 1999), and elevated concentrations of nitrogenous
compounds in the atmosphere. These atmospheric nitrogen loads
have a relatively short residence time in the atmosphere in the
range of hours to days (Galloway et al., 2003) and are swiftly
transferred back to both marine and terrestrial ecosystems, where
they contribute to eutrophication phenomena (Gruber and
Galloway, 2008).
Furthermore, NOx and ammonia contribute to aerosol formation
(Ansari and Pandis,1998; Erisman et al., 2007; Ferm,1998), and NOx
leads to increased atmospheric ozone concentrations (Galloway
et al., 2003). Moreover, NH4þ and NO3, major compounds of atmo-
spheric nitrogen deposition, are a source of acid deposition with
potentially harmful consequences for soils and forest ecosystems
(Hauhs and Wright, 1986).
Major anthropogenic NOx sources are fossil fuel combustion by
industry and power plants and trafﬁc, whereas natural sources likeLtd. This is an open access article ulightning or soil volatilization of NOx play a minor role in the NOx
emission budget both in Germany (Table 1) (UBA, 2012) and glob-
ally (Bouwman et al., 2002). The main source of ammonia, the
precursor of NH4þ deposition, is agriculture, with synthetic fertilizer
and animal husbandry being the most important sources
(Bouwman et al., 1997).
To curb man-made eutrophication and reduce the health risks
associated with high atmospheric NOx and ammonia concentra-
tion, management practices aim to reduce atmospheric Nr loads.
Important reduction measures for NOx include staged combustion
in industry processes and selective reduction with or without cat-
alytic converters (Joynt and Wu, 2000). Jointly, these reduction
efforts have led to a nearly 50% decrease of NOx emissions in Ger-
many since 1990 (Table 1). The emission inventory of ammonia
indicate only a decrease of less than 20% since 1990 (UBA, 2012).
Total nitrogen deposition in Europe is monitored within the EMEP
(European Monitoring and Evaluation Programme) network, but a
direct attribution of nitrogen deposition to its respective natural or
anthropogenic sources remains difﬁcult.
For such source assessment of NOx emissions, stable isotope
ratios of nitrogen are useful, because isotope values of industrial
NOx generally are signiﬁcantly elevated over those of agricultural or
natural sources (Fig. 1) (Kendall et al., 2008). For instance,
d15NeNOx values of coal-ﬁred power plants range from þ6
to þ13‰ (Heaton, 1990; Kiga et al., 2000), and while vehicle
emissions have a wider range (13 to þ6‰), most studies have
found positive values in tailpipe exhaust, roadside denuders andnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Table 1
NOx absolute and relative emission inventory of Germany in 1990 and 2010 and
source speciﬁc changes e including the major sources road trafﬁc, industry/power
plants, soil volatilization and ship trafﬁc (after (UBA, 2012)).
Source Absolute emissions [Gg] Relative emissions
1990 2010 Change 1990 2010 Change
Road trafﬁc 1500 600 60% 48% 37% 23%
Industry/power plants 1150 515 55% 37% 32% 14%
Soil volatilization 135 102 26% 3% 7% þ130%
Ship trafﬁc 180 210 þ17% 6% 13% þ117%
Overall 3130 1620 48% 94% 89%
F. Beyn et al. / Environmental Pollution 194 (2014) 1e102roadside vegetation (þ3.7, þ5.7, and þ3.8‰, respectively)
(Ammann et al., 1999; Moore, 1977; Pearson et al., 2000).
In contrast to industrial pollution, biogenic emissions from soil
volatilization are isotopically depleted, with values as low as49‰
found after fertilization (Li and Wang, 2008). As a consequence,
d15N of NOx emissions in polluted areas is considerably higher than
in pristine regions (Kendall et al., 2008 and references therein), and
relative changes between natural and industrial sources can be
detected based on these source speciﬁc isotope signatures (Elliott
et al., 2007; Freyer, 1991).
Data of the national environmental agency (UBA, 2012) suggest
that over the past 20 years, the industrial proportion of NOx to the
total NOx budget has decreased in comparison to natural sources
(Table 1). Consequently, sources of 15N-depleted NOx gained in
importance in comparison to isotopically enriched sources. Recent
isotope measurements of NO3 deposition in Germany are scarce,
and the main objective of our study was to investigate whether this
trend was reﬂected in decreasing isotope signatures in comparison
to historical data. To test this hypothesis, we measured dry and wet
N deposition and d15NeNO3 at a medium polluted site in Northern
Germany, Western Europe.
2. Materials and methods
2.1. Study site
Wet and dry deposition samples were collected near Geesthacht, southeast of
Hamburg/Germany on forest surrounded grassland. The wind direction at the study
site is dominated by prevailing westerlies, and it is exposed to both industrial and
agricultural emissions of nitrogen: The eastern and southern surroundings are
dominated by agriculture and livestock farming, and the adjacent northwestern
region is dominated by shipping and road trafﬁc and power plants close to the
Hamburg metropolitan region (Fig. 2).Fig. 1. Known d15N values in NOx emissions from natural and anthropogenic sources.
Data are compiled from (Ammann et al., 1999; Heaton, 1990; Li and Wang, 2008;
Moore, 1977; Pearson et al., 2000).2.2. Sampling
Separate wet and dry deposition samples were taken with an atmospheric
deposition sampler (WADOS, Kroneis GmbH, Austria) from December 2011 to
November 2012. Separate sample collection is ensured by a heated precipitation/
moisture sensor. Both collection funnels are mounted at 2.2 m to reduce the impact
of local turbulence and input of soil particles into the samples.
Precipitation samples were collected daily and stored for maximum of one week
at 4 C, a storage time which had no adverse effect on nutrient or isotope compo-
sition of water samples (data not shown). Integratedweekly samples were produced
by mixing of daily precipitation samples. These were ﬁltered (GF/F, 450 C, 4 h) and
stored frozen (20 C) for later nutrient and isotope analysis.
Dry deposition (including gas and particulate N compounds) was sampled ac-
cording to Kouvarakis et al., 2001 and Mara et al., 2009. After one week exposure to
the atmosphere, particles were eluted with MilliQ water and treated like precipi-
tation samples. Samples showing visible signs of contamination (bird droppings,
dead insects, etc.) were discarded.
2.3. Sample analyses
2.3.1. Nutrient and isotope analysis
All dry and wet deposition samples were analysed in duplicate for nitrite, nitrate
and ammonium using an automated continuous ﬂow system (AA3, Seal Analytical,
Germany) and standard colorimetric techniques (Hansen and Koroleff, 2007).
Samples were analysed for isotopic composition of nitrate (d15NeNO3) using the
denitriﬁer method (Casciotti et al., 2002; Sigman et al., 2001), which is based on the
isotopic analysis of bacterially produced nitrous oxide (N2O). All isotope values are
corrected for the contribution of 17O due to mass-dependent fractionation. To pre-
vent the impact of mass-independent fractionation (D17O) of atmospheric nitrate on
the d15N values, Pseudomonas chlororaphis were used for the production of N2O.
Unlike the commonly used strain Pseudomonas aureofaciens, these bacteria generate
N2O, in which oxygen derives from H2O, not nitrate (Coplen et al., 2004). N2O was
analysed with a GasBench II, coupled to an isotope ratio mass spectrometer (Delta
Plus XP, Thermo Fisher Scientiﬁc). With each batch of samples, international stan-
dards (USGS34: d15N: 1.8‰, IAEAeNOe3: d15N: þ4.7‰) and an internal standard
(d15N: 3.0‰) were run. All isotope measurements were done in replicate, and
typical reproducibility was better than 0.2‰ for 15N for samples and standards.
2.4. Backward trajectories
To evaluate the origin of deposited nitrate, backward trajectories were calcu-
lated for all days with wet deposition events using Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) (Draxler and Hess, 1998) model with an altitude of
10 m above ground level at the measurement site. Choosing a low arrival height for
the trajectories at this location ensures that boundary layer air masses, which carry
the largest part of the deposited nitrate, are adequately considered in the trajec-
tories, in summer as well as in winter times. Meteorological data (e.g. wind, tem-
perature, humidity) from the National Weather Service's National Centers for
Environmental Prediction (NCEP) with the Global Data Assimilation System (GDAS)
were used to compute the backward trajectories. Because the atmospheric lifetime
of NOx and HNO3 in the boundary layer is not more than 2 days and 1e2 days,
respectively, a time frame of 72 h was chosen (Liang et al., 1998).
Daily trajectories were calculated, whenever a precipitation event had occurred.
Each wet deposition sample is a mixture of precipitation events over one week (see
section “Sampling”), so in most cases, several (up to 7) trajectories can be attributed
to each sample.
After the calculation of trajectories, a cluster analysis was conducted with all
computed trajectories using standard HYSPLIT cluster analysis (Draxler, 1999) to
elucidate different patterns of air mass origin and corresponding d15NeNO3 values
of each cluster. For each sample (which, due to pooling, can consist of different
clusters), we then selected the most important cluster according to the amount of
NeNO3 deposition, and attributed the corresponding d15NeNO3 value of each
sample to the respective cluster.We then calculated the according N-weightedmean
d15NeNO3 value of each cluster.
3. Results
In Result and Discussion section signiﬁcance tests were con-
ducted with ANOVA to examine seasonal variation, differences
between wet and dry deposition and, where possible, historical
changes. Signiﬁcance level was always 0.05.
3.1. Wet and dry N deposition
3.1.1. Total nitrogen deposition
The main reactive nitrogen compounds in both dry and wet
deposition samples were NO3 (38% of total N deposition,
Fig. 2. Location of study sites in Germany: Sampling site addressed in this study (capitals), EMEP stations considered (bold), and stations with available isotope data (underlined).
F. Beyn et al. / Environmental Pollution 194 (2014) 1e10 3corresponding to an average of 529 mmol m2 wk1, Table 2) and
NH4þ (61% of total N deposition, corresponding to an average of
819 mmol m2 wk1). Nitrite was on average less than 1% of DIN in
wet and dry deposition samples (data not shown).
NO3 and NH4þ concentrations are anticorrelated to the amount
of precipitation, with highest concentration at times of low pre-
cipitation, decreasing with higher precipitation (data not shown).
The deposition of both compounds is highest in summer, with 34%
and 40% of total deposition of ammonium and nitrate, respectively,
deposited during this season.Table 2
Seasonally volume-weightedmean ﬂux of nitrate and ammonium and N-weighted mean
nd: numbers of dry deposition samples.
2011/12 Season Precipitation [l m2] NO3 e ﬂux [mM m2 wk1]
Winter ‘11/’12
(nw ¼ 12, nd ¼ 9)
141 W: 398.1
D: 81.5
Spring ‘12
(nw ¼ 7, nd ¼ 12)
35.5 W: 499
D: 85.6
Summer ‘12
(nw ¼ 13, nd ¼ 13)
231.7 W: 535.5
D: 52.8
Autumn ‘12
(nw ¼ 12, nd ¼ 14)
122.7 W: 443.5
D: 32.9
Total (Tot)
(nw ¼ 44, nd ¼ 48)
549 W: 468.9
D: 60.6
Tot: 529.5Wet deposition exceeds dry deposition by far: While the
contribution of dry deposition is variable over an annual cycle and
ranges from 4% in summer to 18% inwinter, its average contribution
amounts to 11%. Accordingly, the overall annual deposition at our
study site is 7.73 and 0.95 kg N ha1 a1, for wet and dry deposition,
respectively.3.1.2. Molar ratio NH4
þ/NO3
At our study site, the NH4þ/NO3 ratio inwet deposition generally
remains relatively stable throughout the year, with values mostlyisotopes inwet (W) and dry (D) Deposition; nw: numbers of wet deposition samples,
NH4þ e ﬂux [mM m2 wk1] N-deposition [kg ha1] d15NeNO3 [‰]
W: 577.9
D: 87.9
W: 1.51
D: 0.32
W: þ3.5
D: þ7.0
W: 844.9
D: 78.2
W: 1.52
D: 0.28
W: ±0.0
D: þ3.1
W: 1057.8
D: 26.3
W: 2.9
D: 0.13
W: 3.0
D: 1.3
W: 536.6
D: 80.5
W: 1.8
D: 0.22
W: þ0.9
D: þ2.5
W: 752
D: 66.7
Tot: 818.7
W: 7.73
D: 0.95
Tot: 8.68
W: þ0.1
D: þ3.0
Tot: þ0.4
F. Beyn et al. / Environmental Pollution 194 (2014) 1e104ranging between 1 and 3. (Fig. 3) Nevertheless, some seasonal
trends can be discerned: Inwinter and spring, the NH4þ/NO3 ratio is
between 1 and 2, and variations are smallest (1.49 ± 0.3 and
1.69 ± 0.15 inwinter and spring, respectively), before they approach
amaximum ratio of >3 in late summer (1.98 ± 0.59). This maximum
is followed by a swift decrease to minimal ratios of <1 in autumn
(1.44 ± 0.7). The overall volume-weighted annual mean ratio inwet
deposition was 1.68.
In comparison towet deposition (Standard deviation (SD): 0.58),
the variation of the NH4þ/NO3 ratio in dry deposition (SD: 1.77) was
much higher, the ratio ranged from 0.04 to 10.8 over an annual
cycle (Fig 3b). Lowest values coincide with extremely low NH4þ
ﬂuxes in mid-summer, which are, equivalently to ratios in wet
deposition, followed by an increase in late summer and early
autumn. These high values coincide with high ammonium and
moderate nitrate deposition. Despite the high variability, the
annual mean NH4þ/NO3 ratio was 1.59, and thus is not signiﬁcantly
different (r > 0.05) to the molar ratio of wet deposition.3.1.3. d15NeNO3
 of wet and dry deposition
Both in wet and dry deposition, d15NeNO3 follow a similar
annual pattern with signiﬁcant seasonal differences between
summer and winter (r < 0.001): Values of wet deposition are
highest in winter (mean value: þ3.5‰) and gradually approach a
minimum (3.0‰) in summer, before rising again to þ0.9‰ in
autumn. Overall, isotope ratios in wet deposition ranged from 6.0
to þ5.2‰ over the course of the year, with annual weighted mean
value of þ0.1‰ (Table 2).
In comparison, dry deposition values are signiﬁcantly higher
than wet deposition during each individual season and over the
entire year (r < 0.05). The range of delta values in dry deposition is
higher than in wet deposition, with comparable minimum delta
values in summer but much higher values in winter or spring. The
seasonal spread of delta values in dry deposition is always higher
than in wet deposition, but considerably more pronounced in
spring (dry-SD: 4.3 vs. wet-SD: 1.29), with both extreme minimumFig. 3. NH4þ/NO3 molar ratios (top) and NH4þ and NO3 ﬂuxes (bottom) of each sample in we
and error bar, which is smaller than the measurement points.andmaximum d15NeNO3 values (4.5‰ andþ11.6‰, respectively)
occurring during spring. Seasonal weighted means over the course
of the year are þ7.0‰, þ3.1‰, 1.3‰, þ2.6‰ in winter, spring,
summer and autumn, and the annual weighted mean is þ3.0‰
(Table 2).
Despite considerable scatter of wet and dry deposition d15N
(Fig. 4a) throughout each season, we see a correlation of temper-
ature (Fig. 4c) with d15N in wet (r2 ¼ 0.50, r < 0.001) and dry
deposition (r2¼ 0.63, r < 0.001), but not with precipitation (Fig. 4b)
(r > 0.05). The presumed correlation of d15N with air mass origin
was analysed by clustered backward trajectories.
3.1.4. Backward trajectories
In the analysis of backward trajectories, six clusters of distinctly
different air mass origin emerged at wet deposition events: conti-
nental origin from southewest (#1), local origin (#2), west ocean
origin with continental inﬂuence (#3), northewest ocean origin
with continental inﬂuence (#4), northewest ocean origin (#5), and
north continental inﬂuence (#6). Average N-weighted isotope
values of these clusters were þ2.8‰, 0.9‰, þ0.7‰, þ
1.8‰, 1.4‰, and 2.1‰ (calculation of values is explained in
chapter “methods”) for cluster #1, #2, #3, #4, #5 and #6, respec-
tively (Fig. 5).
4. Discussion
4.1. N deposition and its sources
Our main objective in this study was to evaluate the trend of
NOx emissions, NO3 deposition and N isotopes of deposited NO3. To
evaluate bulk N deposition and the general deposition pattern at
our study site, we also brieﬂy discuss NH4þ deposition.
In general, inorganic N deposition is the ultimate sink for NOx
and NH3 emission, and on a global scale, changes in N emissions are
reﬂected in total inorganic N deposition. While local deposition can
depend on atmospheric conditions and regional N emissiont (a) and dry (b) deposition at our study site, wet and dry ﬂux measurements implicate
Fig. 4. d15NeNO3 values of each wet and dry deposition sample (a) (error bars are smaller than symbol size), weekly precipitation amount (b) and daily mean temperature (c) and
our study site.
F. Beyn et al. / Environmental Pollution 194 (2014) 1e10 5sources, changes of NOx emission are nicely reﬂected in NO3
deposition in Europe (Fowler et al., 2007).
N deposition at our study site is higher than at EMEP sites (data
not shown), which we attribute to the fact that EMEP represent
sites with a lower pollution level (Yttri, 2012), because these
sample sites should not be exposed to point sources, but rather are
selected to depict general trends in deposition.
Overall, deposition ﬂuxes at our study site are typical of an in-
dustrial/agricultural impacted site in Germany (Gauger et al., 2001).
Bulk N deposition is well within the range of other continental sites
in Europe (Bragazza and Limpens, 2004; Thimonier et al., 2005).
The deposition pattern at our study is in accordance with the ex-
pected elevated emission stemming from industry, vehicle and
agriculture in the surroundings of our study site.
Sources of anthropogenic wet N deposition range from agri-
cultural and natural biogenic emissions of ammonia to various
contributors of NOx, such as industry, road and ship trafﬁc, and
power plants (Asman et al., 1998; Delmas et al., 1997). Conse-
quently, the molar NH4þ/NO3 ratio is a reliable indicator to detect
the relative local contribution of industrial versus agricultural
sources to atmospheric N wet deposition (Anderson and Downing,2006; Lee et al., 2012; Zhao et al., 2009). Ratios of less than 1.0
are typical of high industrialization and urbanization levels,
whereas values above 4 indicate a high contribution of agricultural
sources.
At our study site, the NH4þ/NO3 ratio in wet deposition is mostly
above 1, indicating that N deposition stems mainly from agricul-
tural sources. Values in this range are relatively typical for an
agricultural, yet industrialized area in which ammonium deposi-
tion only slightly exceeds elevated nitrate deposition (Fowler et al.,
2005a; Freyer, 1978) (Fig. 3ab). In this respect, the considerable
increase of molar ratios in late summer (values of ~3) is interesting.
It can be explained by a simultaneous increase of ammonium
deposition due to application of manure to agricultural areas after
harvesting and a decrease in NOx emissions due to reduced energy
consumption for heating and electricity at this warmest time of the
year (AE, 2013). The decrease of the molar ratios in autumn is the
ﬂipside of this phenomenon: Now, lower temperatures and the
beginning heating period lead to higher NOx emissions and NO3
deposition. A concomitant ban on fertilizers from November to
February reduces volatilization of ammonia around the study site
(BdJ, 2012).
Fig. 5. Mean backward trajectories of cluster analysis (#1 to #6) including all (161) backward trajectories and its N weighted mean d15NeNO3 values (a) and seasonally dependent
sample attribution to each cluster number (b).
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are as low as 0.04 in summer; these low ratios cannot only
explained by source contribution. Besides organic matter, ammo-
nium, nitrate, and sulphate are the most important contributors to
aerosols at moderately to heavily polluted sites (Putaud et al.,
2004). Particulate ammonium and nitrate mostly occur either as
ammonium sulphate, ammonium bisulphate or ammonium nitrate
(Robarge et al., 2002). Although we have no additional data on
aerosol composition, as this was not the focus of our study, high
molar NH4þ/NO3 ratios can thus be taken as indicator for a prefer-
ential formation of ammonium sulphate, formed due to high at-
mospheric sulphate concentrations (Adams et al., 1999), whereas
lower molar ratios indicate that ammonium nitrate gained in
importance, which is typical in colder times (Putaud et al., 2004). In
early summer, when nitrate ﬂuxes exceed ammonium ﬂuxes, par-
ticulate nitrate is mainly formed by the reaction of nitric acid with
sea salts and mineral dust (Metzger et al., 2006).4.2. Trends in N deposition and emission in Germany
A major aim of our study was to investigate whether changes in
NOx emission patterns of the past decades can be tracked down to
variations in isotope values of deposited NO3. To discern general
trends in atmospheric N deposition during the past decades, we
analysed data obtained through the European Monitoring and
Evaluation Programme (EMEP) (Fig. 2). Wewill then compare these
general trends to the isotope changes we see.
At the EMEP sites, wet deposition of ammonium and nitrate has
been monitored since at least 1988 (Melpitz: since 1998), and we
investigated the change in molar ratios NH4þ/NO3 in wet deposition
for the years 1988, 1998 and 2008. At Waldhof, the ratio increased
from 1.05 ± 0.27 in 1988 to 1.51 ± 0.32 in 2008 (r < 0.01), in
Deuselbach from 1.0 ± 0.29 to 1.31 ± 0.47 (r < 0.05) and at Melpitz
from 1.21 ± 0.4 in 1998 to 1.57 ± 0.47 in 2008 (r < 0.05). This sig-
niﬁcant increase of the NH4þ/NO3 ratio at all sites is the result of
F. Beyn et al. / Environmental Pollution 194 (2014) 1e10 7decreasing nitrate deposition and mostly unchanged ammonium
deposition e a trend that is at present also observed in other Eu-
ropean countries (Fowler et al., 2005b; Francaviglia et al., 1995).
However, the decrease in overall NO3 deposition at the EMEP sites
lower than the overall decrease in NOx emissions in Germany
(Fowler et al., 2005a), because NOx has a longer transport and
retention time in the atmosphere in comparison to NH4þ/NH3
(Asman et al., 1998): Ammonium is usually deposited locally, NO3
deposition is inﬂuenced by more distant NOx sources throughout
Europe, where the decrease in NOx emissions is not as pronounced
(Fowler et al., 2005a; UBA, 2012).
4.3. Isotope ratios and N-sources
To assess NOx sources contributing to atmospheric deposition in
more detail, we evaluated d15NeNO3 values and seasonal changes.
The ﬂuctuation and wide range of d15N in wet and dry deposition
over a seasonal cycle (Fig. 4a) indicate multiple sources of nitrate in
deposition, such as a mix of isotopically enriched NOx emissions by
coal-ﬁred power plants, lighter NOx emissions by road trafﬁc and
very depleted natural NOx emissions (Elliott et al., 2007; Wankel
et al., 2010).
d15NeNO3 in wet and dry deposition depends on season, with
highest values in winter and lowest in summer (Fig. 4a). This sea-
sonal variation can be explained by a changing emission pattern
over the course of the year. Natural soil volatilization of NOx is
bound to times of biological activity and relatively high tempera-
tures (Jaegle et al., 2005; van der A et al., 2008) (Fig. 4c). This minor
(13%, Table 1), yet important source of isotopically extremely
depleted NOx is thus mainly active from spring to autumn and
accordingly depletes the overall d15N NO3 in wet deposition in
summer times.
In winter, biogenic emissions are less important, and on top of
that, the proportion of anthropogenic NOx rises, because emissions
stemming from coal-ﬁred power plants increase due to higher
energy demand during the heating period. Another cause for high
d15N in wet and dry deposition in winter may be isotopic
temperature-dependent exchange equilibria between NO/NO2 and
atmospheric NO3, which form either particulate or dissolved NO3
(Freyer, 1991; Freyer et al., 1993), but the exact isotope effect of
these equilibria on deposited NO3 is not yet quantiﬁed.
Isotope fractionation effects between particulate NO3, gaseous
HNO3 and dissolved nitrate (e.g. absorption of gaseous HNO3 during
precipitation events) lead to lower values of d15NeNO3 in wet
deposition (Freyer, 1991), which explains the signiﬁcant differences
in d15N between wet and dry deposition.
Overall, our data are in line with comparable ranges and sea-
sonal trends for d15NeNO3 in dry deposition (Elliott et al., 2009;
Mara et al., 2009; Yeatman et al., 2001) and wet deposition in
North America (Elliott et al., 2007; Russell et al., 1998), and East Asia
(Fang et al., 2011; Fukuzaki and Hayasaka, 2009; Lee et al., 2012).
4.4. New sources or source signatures of NOx
An additional means to explore changes in NOx sources is the
comparison of isotopic data from the past to our measurements.
We considered isotope data by Freyer, 1991, who measured isotope
ratios in bulk deposition at three moderately polluted German
study sites in the 1980s (Fig. 2).
The seasonal trend of these historical isotope data aligns well
with our data, but intriguingly, we see an offset towards signiﬁ-
cantly higher d15NeNO3 values, which pinpoint a possible change
in the relative contribution of NOx sources (Fig. 6).
This is surprising, because monitoring data indicate that the
relative contribution of natural/soil NOx emissions has gained inimportance (Table 1), and we expected to see this change mirrored
in a decrease of NOx isotope values: Soil volatilization produces NOx
much more depleted in 15N/14N than any anthropogenic source
(Fig. 1), and a back-of-the-envelope calculation assuming end-
member isotope values of 20‰ (Felix and Elliott, 2013), þ8‰
(Felix et al., 2012; Heaton, 1990; Kiga et al., 2000) and þ4‰
(Ammann et al., 1999; Pearson et al., 2000; Redling et al., 2013) for
soil volatilization, power plants and trafﬁc, respectively, indicates
that average NOx values should have decreased by ~0.2‰ between
1990 and 2010.
Barring some uncertainty due to high scatter of seasonally
averaged values, our comparison with data by (Freyer, 1991) is far
from showing any decrease. The positive offset varies with season,
but mostly is statistically signiﬁcant (r > 0.05). Historical values are
signiﬁcantly lower in winter, spring and autumn (except Ahrens-
burg in autumn). In summer, this difference is not signiﬁcant at two
of three sites. (Fig. 6). To unravel the cause of this increase, we will
evaluate two different possibilities of changing in emission patterns
and isotope ranges knowing it is a kind of speculation and not an
unambiguous explanation.
One possibility for the d15NeNO3 increase is the rising impact of
a frequently overlooked NOx source, shipping emissions. Until now,
there are no d15N values available for this source, but we assume
they are comparable to road trafﬁc NOx. The overall reduction of
NOx emissions can mainly be attributed to reduction efforts in in-
dustry and road trafﬁc. In contrast, regulations for ship emissions
until now mostly merely regard sulphur content in fuels. Ship NOx
emissions have consequently been increasing since 1990 by 15% in
Germany (Table 1), and especially in coastal areas, this source has a
relatively high inﬂuence on deposition (Matthias et al., 2010). Due
to the overall decrease in NOx emissions, the relative portion of
ship-derived NOx in 2010 has more than doubled in comparison to
1990 (Tab.1). If no measures are taken, a severe increase in ship
emissions of NOx can be expected, with the accompanying negative
consequences for marine and coastal regions and ecosystems
(Corbett and Koehler, 2003; EEA, 2013; Matthias et al., 2012).
Another option for changing isotope values is technological
developments in combustion engines and power plants. A recent
study of NOx isotope values in North America (Felix et al., 2012),
also ﬁnds an increase in isotope values. The authors attribute it to
selective catalytic reduction (SCR) at coal-ﬁred power plants and
ﬁnd average d15N values of emitted NOx with SCR are enriched by
10‰ over those of power plants without catalytic converters. This is
a plausible explanation for the positive offset we ﬁnd: In contrast to
the 1980s, the percentage of modern coal-ﬁred power plants using
this technology (Bradley and Jones, 2002), has increased (Felix
et al., 2012).
Land-based vehicle NOx can also be a non-seasonal source of
isotopically heavy NOx. (Ammann et al., 1999) found d15N values of
trafﬁc NO2 up to þ10‰ in the late 1990s, and attributed these d15N
values to a change of vehicle engines, which is supported by recent
studies in North-America (Redling et al., 2013). Additionally, the
SCR-technology has since 2006 been used in new diesel automobile
engines (Lambert et al., 2004), which may lead to an increase of
d15N of vehicle NOx emissions over time.
The offset in d15N values of NO3 deposition between our data
and historical data depends on season, it is most pronounced from
autumn to spring, but less signiﬁcant in summer. This can be
explained by the relative contribution of NOx sources and their
respective average isotope values. NOx from new coal-ﬁred power
plants equipped with SCR-technology can explain the positive shift
of d15N between autumn and spring. Their NOx output is highest in
winter and lowest in summer times due to the seasonal energy
demand for heating (Stavrakou et al., 2008). In summer, soil
emissions are an important NOx source with signiﬁcant impact on
Fig. 6. Winter (a), spring (b), summer (c) and autumn (d) d15NeNO3 values of own study site (left panel) in 2011e12 and historical sites in Germany (right panel). Box-whisker plots
indicate: inter-quartile range (boxes), minimum and maximum values (whiskers) and median (center line) of wet and dry deposition samples; ﬁlled squares indicate N-weighted
mean of all deposition samples and, SD at our site. Empty squares: N-weighted means and SD of bulk deposition samples at Ahrensburg (1980e83), Jülich (1979e84) and Deu-
selbach (1979e84) (Freyer, 1991). n: numbers of samples, r: imply the comparison of Geesthacht N-weighted mean and respective study sites. Asterisk: statistically signiﬁcantly
differences between historical and present isotope data. No statistical test was conducted with Ahrensburg data in winter (6a), because the number of samples (n ¼ 3) was too low
for statistical analysis.
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in relative importance, and in combination with reduced NOx
output of power plants inwarmer times, it lowers d15NeNO3 values
in summer and thus to a more pronounced seasonal change.
We thus assume that the isotope change is due to a combination
of SCR-emitted NOx from coal-ﬁred power plants and trafﬁc NOx
emissions. We cannot evaluate whether ship emissions or land-
based trafﬁc are a more likely contributor based on isotope data.
To unravel this, we calculated backward trajectories of air masses
over the course of our sampling period.
The cluster analysis reveals that air masses from less polluted
areas (cluster #5 and #6) from the north have distinctly negative
d15NeNO3 values (1.4 and 2.1‰, respectively), whereas clusters
#1, #2 and #3, which originate from more polluted south and west
areas, are relatively enriched in d15N (Fig. 5). Cluster #4 shows
relatively enriched isotope values, but unlike other clusters, it only
consists of two samples, from winter and autumn, respectively.
Winter and autumn values of d15NeNO3 generally are high due tothe strong seasonal effects, and the positive value thus is mainly
caused by seasonal enrichment. Other clusters are represented by
more, and seasonally more evenly distributed, samples, so that
mere seasonal effects are in part neutralized.
A more detailed look at the seasonal distributionwithin clusters
also explains the surprising difference between clusters #1 and #2:
Both clusters have their origin in polluted continental areas over
the continent, but most samples in the isotopically heavy cluster #1
stem from cold seasons, whereas samples in the isotopically light
cluster #2 mostly were deposited in warmer times (Fig. 5b). Due to
this seasonal difference, the variation in d15N values between these
clusters can be explained by the typical seasonal pattern of
d15NeNO3.
Overall, the evaluation of the trajectories supports the depen-
dence of d15NeNO3 in nitrate deposition on anthropogenic NOx
emissions. Land-based sources like road trafﬁc and power plants
can be assigned to clusters #1 to #3, with most positive isotope
values, whereas a more marine origin, as evidenced in clusters #5
F. Beyn et al. / Environmental Pollution 194 (2014) 1e10 9and #6, leads to more depleted d15NeNO3 values. Accordingly, the
contribution of ship NOx emissions to atmospheric deposition does
not lead to a visible isotope enrichment of atmospheric deposition
in our study, even though cluster 4 shows that isotope values in
winter are relatively high (see discussion above). This lack of un-
ambiguous enrichmentmay be due to the source signature or to the
absolute amount of ship emissions, which still falls well below NOx
emissions in densely populated, industrialized areas like those
contributing to clusters #1 to #3. Our backward trajectory analysis
rather supports the relevance of industrial land-based emissions
for the enriched isotope signatures we ﬁnd.
5. Conclusions
We ﬁnd a signiﬁcant increase in d15N of nitrate deposition since
the 1980s in Germany between autumn and spring, while bulk
nitrate deposition has decreased. Over the entire study period, we
also identiﬁed a stronger seasonality of load-weighted d15N values
inwet and dry nitrate deposition in comparison to studies from the
1980s.We attribute this change to a shift in combustion pattern due
to the implementation of catalytic converters in industry and
trafﬁc. The observed offset suggests that coal-ﬁred power plants
and road trafﬁc are the main drivers of this increase in d15N.
Overall, our study shows that d15N isotopes in NO3 deposition
are a valuable tool to detect anthropogenic contribution, but that
technological adaptations need to be taken into account to allow for
an adequate assessment of different NOx sources. In our case, we
expected to see a shift towards more negative isotope values in
nitrate deposition due to overall decreasing anthropogenic emis-
sions, which are isotopically relatively enriched. Surprisingly, this
decrease was more than made up for by changes in combustion
patterns.
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